The pressure matching performance of the constant area supersonic-supersonic ejector has been studied by varying the primary and secondary Mach numbers. 
Introduction
Supersonic ejectors are fluid devices in which two fluid streams are allowed to perform the mixing and recompression. One fluid with higher total energy is the primary flow, and the other fluid with lower total energy is the secondary flow. In a supersonic ejector, transfer of mechanical energy from the primary flow to secondary flow is accomplished by mixing of these two streams, and supersonic ejector is operated without moving parts. Its simplicity makes supersonic ejectors found many applications in engineering, such as high-altitude test facilities [1] , ejector ramjets [2] and ejector based refrigeration cycle [3] , etc. However, the primary motivation for this investigation is the application of the supersonic ejector as the pressure recovery system in the high-energy chemical laser.
In the continuous-wave chemical laser, the flow at the laser cavity exit is supersonic and with low static pressure (~400 Pa) [4] . To start and sustain the lasing process, the laser cavity flow must be pumped to the ambient condition. Thus, the pressure recovery system is necessary for the high-energy chemical laser system.
The subsonic-supersonic ejector is used as the conventional approach to solve the pressure recovery problem in the past decades, see fig.1(a) . However, the requirement of high flexibility on the transportable tactical high-energy laser expects a further reduction on the weight and volume with a better performance of the pressure recovery system [5] . The supersonic-supersonic ejector (SSE), see fig.1 (b), seems to be a very suitable means to satisfy the requirement of the tactical high-energy laser mentioned above [6] . In the supersonic-supersonic ejector, the diffusers between the laser cavity exit and the ejector are eliminated, and the supersonic laser cavity flow is pumped directly by the supersonic ejector. However, Investigations on the supersonic-supersonic ejector [7] have been rarely reported. In 1980s, Mikkelsen et al. [8] and Dutton et al. [9] performed one-dimensional analyses of the constant area supersonic-supersonic ejector (CASSE), and a series of small-scale CASSE experiments have been conducted to validate the theoretical results. Recently, researches concerned with the SSE have not been available in the open literature until the work of Dvorak et al. [10, 11] on a two-dimensional CASSE, and the flow structures in former part of the mixing duct and the transonic instability of the ejector were analyzed.
For a supersonic-supersonic ejector, the Mach number of the secondary flow at the mixing duct inlet must be greater than unity. However, if the primary-to-secondary inlet static pressure ratio is great than unity, the secondary flow is compressed by the mutual interaction of the primary and secondary flows within the mixing duct, this process is limited, and a condition is eventually reached for which the secondary flow is compressed to "aerodynamic choking" condition, see fig.2 . The inlet static pressure ratio of the primary and secondary flows i  (= P pi /P si ) at this limiting condition is Due to the low cavity pressure of the high-energy chemical laser, high compression ratio P b /P si is required. Figure 3 illustrates a typical operation plane for the CASSE, and the uppermost boundary of the plane defines the maximum compression ratio of the ejector. In fig.3 , it is observed that the value of the maximum compression ratio at the limiting condition is greater than that at the matched pressure condition. However, when i  exceeds
, performance of the ejector declines because of the separation of the secondary flow [9] . Therefore, the pressure matching performance of the constant area supersonic-supersonic ejector should be investigated in detail. 
Experimental Setup and Numerical Methods

Experimental Setup
In this study, the rectangular CASSE with the depth being 80mm are investigated. Figure 4 shows the schematic view of the model ejectors, the supersonic primary flow is symmetrically injected along the top and bottom walls, and the secondary flow is injected through a constant area isolator with its length being 270mm. Then, the primary and secondary flows mix in the 840mm long constant area mixing duct which is 84mm high. The primary and secondary inlet heights at the entrance of the mixing duct are 20mm and 40mm, respectively. Both the primary and secondary nozzles are designed by the method of characteristics to produce uniform distributions of velocity and pressure at the confluence point of two streams. Pressure taps are installed at six locations, namely, two stagnation pressures of the primary flows (P tp_u and P tp_d , respectively), stagnation pressure of the secondary flow (P ts ), and static pressures of the primary and secondary flows at the entrance of the mixing duct (P pi_u , P pi_d and P si ). Piezopressure transducers with an operating range of 0-1MPa and an accuracy of 0.5% are used to measure P tp_u and P tp_d , and the transducers with a range of 0-100kPa and an accuracy of 0.05% are used for the measurement of the pressure at the other points. The data rates of all the pressure measurements are 1000Hz.
Figure 4. Schematic of the investigated model ejectors
The Mach numbers of the primary and secondary at the entrance of the mixing duct are calibrated by the measured pressures via eq. (1):
The calibrated Mach numbers at the mixing duct inlet are listed in tab.1.
The schematic of the test facility is illustrated in fig.5 . Both the primary and secondary fluids are the compressed air from a pressure tank, and these two fluids are led through the closing and control valves to the ejector. Then the mixed flow is led through a final stagnation chamber with back pressure control valve, which is located downstream from the ejector exit. However, the back pressure control valve is fully open in the current study. The characteristic of flow in the supersonic ejector is rather complex, shock waves, mixing layers, the interaction between shock waves and the interaction between shock waves and mixing layers occur frequently, and the schlieren method seems to be very suitable for investigation. Schlieren pictures are taken with turning the knife edge to horizontal position (0 degree), so the optical measurements are sensitive to changes of density in direction perpendicular to the symmetrical plane of the ejector, and the right-most border of the region visible at optical measurements is approximately 100mm downstream from the mixing duct inlet. 
Numerical Model
In the current computational analysis, the two-dimensional Reynolds Averaged Navier-Stokes (RANS) equations are solved with the density based solver of FLUENT [12] . The k   RNG turbulence model with the enhanced wall treatment is employed to simulate the turbulent flow field in the ejector, and the k   RNG model is selected for it gives good results for the shock phase and strength [13] . The equations are solved using a finite-volume integration scheme, the second order spatially accurate upwind scheme with the advection upstream splitting method (AUSM) flux vector splitting is utilized.
The cold air is considered to be a calorically perfect gas with a constant ratio of specific heats, namely 1.4   . The air, using the idea gas approximation, and the total temperature is 293.15K, is used as the working fluid. The Sutherland law of viscosity is employed. The solutions can be considered as converged when most of the residuals reach their minimum values after falling for more than three orders of magnitude, and the computed in flow and the outflow mass flux is required to drop below 0.0001kg/s. The domain of the ejectors is considered to be symmetrical about the central plane. Boundary conditions are defined by inlet pressure in entrances of the ejector and by outlet pressure at the exit of the ejector, and no-slip conditions are applied along the solid walls by setting the velocity components to zero and nullifying the energy contributions of the wall faces to the dissipative fluxes. The structured quadrilateral mesh containing approximately 90,000 cells is created by the commercial software Gambit. The concentration of grid density is focused on the areas where significant phenomena is expected [14] , also the grid is densely clustered near the walls of the mixing duct, and the height of the first row of cells is set at a distance to the wall of 0.01mm, which results in a value of y+ smaller than 1.0 for all of the flow field.
Results and Discussion
Supersonic flow structures with varied pressure ratio
The essential of the pressure matching between the primary and secondary flows in the CASSE is the interaction of two supersonic jets in a confined duct. In this section, the near field flow structures of the primary and secondary jets with varied i  are studied. Since the primary and secondary inlet static pressures, P pi and P si , are difficult to be obtained when optical measurements are performed, thus, the stagnation pressure ratio t  (=P tp /P ts ) is also used in this paper, and the corresponding i  can be determined by using eq.(1). Figure 6 shows the supersonic flow field in former part of the mixing duct of the Ejector 3# for different t  . , and the corresponding i 1.6   , the secondary flow is compressed and two oblique shock waves, namely A1 and A2, intersect at the symmetric plane, and two shock waves B1 and B2 go on. The angles of shock waves A1 and A2, together with their reflected shock waves B1 and B2, increase with the increase of t  , see fig.6 (b)-(d). However, it is observed from the numerical results shown in fig.6(a)-(d) , the reflected shock waves B1 and B2 are strong oblique shock waves when t 13.1  
, and the shock waves B1 and B2 are weak ones in the other cases. As depicted in fig.6 (e), when t  increases to 14.0, a Mach disc appears in the secondary flow. As t  increases further, the secondary inlet at the mixing duct entrance is no longer occupied by the supersonic secondary flow completely, the boundary layer of the secondary flow separates in the isolator, and a shock train runs into the mixing duct, see fig.6 
Effect of the primary and secondary Mach numbers on the pressure matching performance
The limiting pressure ratios of the CASSEs with different inlet primary and secondary Mach numbers are presented in fig.7 , and the limiting pressure ratios calculated by the theoretical model proposed by Dutton et al. [9] are also given.
It is observed from fig.7 that, the pressure matching performance of the CASSE increases with the increase of the secondary Mach number, and the performance decreases slightly with the increase of the primary Mach number. fig.2 with the following assumptions [9] :
(1) The primary and secondary streams remain distinct and do not mix between stations i and 2.
(2) The flow is isentropic for both the primary and secondary flows between stations i and 2.
(3) The Mach number of the secondary flow at station 2 is unity, namely M s2 = 1.0. M pi , A pi and A si keep constant, and P si is assumed to be unaltered when M si increases. 
Rearranging eq. (3) fig.7 . It is learned from the fundamental of the aerodynamics that shock wave is inevitable when decelerating a supersonic flow, and the supersonic structures in the former part of the mixing duct given in last section also show that, the strength of the shock waves in the secondary flow is fairly strong when i  keeps near to the limiting condition. However, the assumption of an isentropic compression of the secondary flow is used in the model proposed by Dutton et al., the deviation of this assumption from the actual compression process of the supersonic flow results in a large underestimate of the limiting pressure ratio.
The pressure matching performance of the central CASSE
As for a supersonic ejector, there are two types of ejectors, namely the peripheral and central ejectors. Figure 10 illustrates the cross sectional view of the mixing duct inlet for both the peripheral and central ejectors. fig.13 . It is observed from fig.13 that a recirculation zone is formed because of the boundary layer separation, and this separation is induced by shock waves. The recirculation zone reduces the effective area of the secondary flow, and this results in a stronger compression of the secondary flow. Thus, the pressure gradient along the flow direction of the secondary flow increases. And this means that the local back pressure of the secondary flow at the mixing duct inlet increases. Therefore, the pressure matching performance of the central CASSE is reduced by boundary layer separation induced by shock waves. 
A modified model for predicting the limiting pressure ratio of the CASSE
Since the strength of shock waves in the secondary flow just downstream the mixing duct inlet is fairly strong when i  keeps near to the limiting condition, the effect of the shock waves must be considered in the theoretical model for predicting the limiting pressure ratio. Figure 14 is a schematic of the flow field in concern.
Figure 14. Diagram of stations and nomenclature used in the theoretical analysis
When wall shear stresses are negligible, the momentum conservation equation can be applied to the primary and secondary flows as a whole control volume between stations i and 2. It is assumed that the mixing of the primary and secondary flows is negligible between stations i and 2, thus, the mass conservation equation can be applied to the primary and secondary flows, respectively. By applying the mass and momentum conservation equations together with the following assumptions, the limiting pressure ratio of the CASSE can be determined.
(1) The flow between stations i and 2 is steady, adiabatic and one-dimensional. One consequence of assumption (7) is that the shock wave standing at the exit of isolator is a strong oblique shock wave. Of course, the true oblique shock wave induced by the turning angle is a weak one.
Applying the momentum conservation equation to the primary and secondary flows between stations i and 2 together with assumptions (1, 3) yields
Rearranging eq. (7) as 
